ac susceptibility studies of the spin freezing behavior in U2CuSi3 by 李  徳新
ac susceptibility studies of the spin freezing
behavior in U2CuSi3
著者 李  徳新
journal or
publication title







ac susceptibility studies of the spin freezing behavior in U2CuSi3
D. X. Lia
Institute for Materials Research, Tohoku University, Oarai, Ibaraki 311-1313, Japan
S. Nimori
Tsukuba Magnet Laboratory, National Research Institute for Materials Science, 3-13 Sakura,
Tsukuba 305-0003, Japan
T. Yamamura and Y. Shiokawa
Institute for Materials Research, Tohoku University, Sendai, Miyagi 980-8577, Japan
Presented on 7 November 2007; received 12 September 2007; accepted 17 October 2007;
published online 28 January 2008
Ternary uranium compound U2CuSi3 have been prepare and confirmed to crystallize in the
tetragonal -ThSi2-type structure after annealed at 800 °C for 240 h. ac susceptibility
measurements reveal a evident spin glass transition for this compound at a static spin freezing
temperature TS=18.3 K. Several important parameters characteristic of the spin freezing state are
determined from the dynamical analyses of the ac susceptibility data. The formation of spin glass
state in this sample is further proved by specific heat, electrical resistivity, and magnetic relaxation
measurements. The presence of frustrated magnetic interactions in U2CuSi3 is discussed in a
“magnetic cluster model.” © 2008 American Institute of Physics. DOI: 10.1063/1.2831322
Ternary uranium compounds U2XSi3 X=transition
metal have attracted much interest in the last decade be-
cause of their remarkable physical properties including spin
glass SG behavior,1–3 paramagnetic ground state,1,4,5 and
ferromagnetic cluster behavior.6,7 The considerable changes
of magnetic properties in these systems have been demon-
strated to relate with the character of the X atom and the
arrangement of non-magnetic atoms X and Si in X–Si net-
work. SG behavior has been observed for the compounds
with X=Pt, Pd, and Au, which crystallize in the hexagonal
AlB2-type structure with perfectly disordered X and Si atoms
at the B crystallographic sites.1,4,5,8 In contrast, compounds
U2FeSi3, U2RuSi3, and U2OsSi3 present the U2RuSi3-type
structure with a perfect order between X and Si atoms, which
show paramagnetic properties and no spin freezing behavior
can be observed.1,4,5,8 On the other hand, ferromagnetic clus-
ter glass behavior is characteristic of the compounds with
X=Rh and Ir, which crystallize in the disordered derivative
of the AlB2-type structure with partially random arrange-
ment of Rh / Ir and Si atoms at B sites.1,5,9 As for U2CuSi3, it
is known as a special and interesting case in the family of
compounds U2XSi3 relevant to its controversial magnetic
properties and crystal structures. U2CuSi3 was first reported
to crystallize in the tetragonal -ThSi2-type structure exhib-
iting reentrant SG behavior with Curie temperature TC
=30 K and spin freezing temperature Tf =26 K,
4 and in the
later literature, it was considered as a ferromagnetic material
TC=37 K with the hexagonal AlB2-type structure.
10
In order to clarify these controversies and obtain a com-
plete physical picture on the magnetic ground state of this
system, while as a continuation of our studies on the com-
pounds of U2XSi3 family, we have systematically measured
the basic physical properties of U2CuSi3 including the tem-
perature dependence of ac and dc susceptibilies at different
frequencies and in various magnetic fields, the high field
magnetization and magnetic relaxation, the electrical resis-
tivity, and the specific heat on a well-annealed polycrystal-
line sample. In this paper, we will mainly report the results of
ac susceptibility measurements, estimate the dynamical pa-
rameters characterizing the frozen state, and discuss the pos-
sible mechanism of frustrated magnetic interactions existing
in the U2CuSi3 sample.
The polycrystalline sample of U2CuSi3 was synthesized
by arc melting appropriate amounts of the pure elements U:
3N; Cu: 4N; Si: 6N followed by 800 °C for 240 h in an
evacuated sealed quartz tube. The x-ray powder diffraction
patterns confirm that the annealed sample is almost single
phase with the tetragonal -ThSi2-type structure as consis-
tent with the result reported by Kaczorowski and Noël.4 The
magnetic susceptibility and magnetic relaxation were mea-
sured using a Quantum Design superconducting quantum in-
terference device SQUID magnetometer. High-field mag-
netization in a steady magnetic field up to 230 kOe was
measured at 4.2 K with an induction method. The adiabatic
heat pulse method and a standard four-terminal dc method
were employed for specific heat and electrical resistivity
measurements, respectively.
The temperature dependence of magnetization MT of
U2CuSi3 was measured in various applied magnetic field H
employing both the zero-field cooling ZFC and field-
cooling FC conditions. Figure 1 presents the low tempera-
ture dc susceptibility =M /H data measured in a field of
H=100 Oe. With decreasing temperature, the ZFCT curve
shows a sharp peak near Tf 18.9 K, suggesting a certain
kind of magnetic phase transition at this temperature. How-
ever, different from the traditional antiferromagnetic order-
ing, no peak is observed in the FC curve and evident mag-
netic irreversibility manifesting as the bifurcation between
the ZFC and FC curves appears below a temperature Tir. It is
interesting to note that the characteristic temperature Tir
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clearly larger that Tf the peak position in ZFC curve in low
fields, and both Tir and Tf shift to low temperatures with
increasing H not shown here similar to that usually ob-
served in SG materials. In order to confirm whether or not a
long-range magnetic order occurs around Tf, the temperature
dependences of specific heat CT and the electrical resistiv-
ity T were measured in this study. It is clear from the inset
of Fig. 1 that both CT and T curves do not show any
indication of a magnetic phase transition into a long-range
order around Tf 18.9 K. These results suggest the ab-
sence of long-range spatial magnetic order in the vicinity of
Tf. It seems that the observed sharp peak in the ZFCT
curve at Tf as well as the thermomagnetic irreversibility be-
low Tf for U2CuSi3 could be considered to originate from the
random spin freezing in an SG state.
In order to confirm the SG effect, we performed an ac
susceptibility measurement on the U2CuSi3 sample at fre-
quency range of 0.1 /21000 Hz. Figure 2 shows the
in-phase ac T , as well as the out-of-phase ac T , com-
ponents of the ac susceptibility versus temperature between
16 and 23 K. It is clear from this figure that both ac and ac
exhibit a characteristic pronounced maximum with ampli-
tude and position depending on the frequency  of the ap-
plied ac magnetic field. As  increases, both peak positions
in ac and ac shift to higher temperatures. Such a feature can
be considered as the most striking evidence for SG state
U2CuSi3.
ac susceptibility is very important for the investigation
of SG behavior, which could offer a good criterion for dis-
tinguishing a canonical SG from a SG-like material by com-
paring the initial frequency shift of Tf using the expression
Tf =Tf / Tf log , where Tf represents the relative
change of Tf per decade .
11 In the present case of U2CuSi3,
Tf is determined to be 0.009, which is comparable to the
typical values from a few thousandths to a few hundredths
reported for canonical SG systems Cu Mn and Au Fe,11 con-




X=Pd,Pt,Au,3 and R2PdSi3 R=Tb,Dy.
15
For a SG system, the peak point in ac curve is usually
defined as the dynamic spin freezing temperature Tf. As
→0, Tf will settles down to a “static limit,” noted as TS
and called as static freezing temperature. In the vicinity of
TS, the dynamics would show critical slowing down, while
the relaxation time is expected to obey the standard tempera-
ture dependence,16 ln	max /	0=−z
 lnTf −Ts /Ts, where
	max represents the maximum relaxation time of the spin sys-
tem at a temperature Tf and z
 is a critical dynamical ex-
ponent. For a SG, Tf can be chosen as the peak point of the
ac curve and then 	max should be determined as 2 /. Fol-
lowing Tholence and co-workers,17 the microscopic relax-
ation time 	0=10
−13 s was kept fixed; the best fit of this
equation to the experimental data solid line in Fig. 3a
yields the fitting parameter TS=18.3 K and z
=8.1 for our
U2CuSi3 sample. It is worth noticing that many experimental
results give z
2 for conventional phase transitions and
z
=4–12 for different SG systems.11
On the other hand, the empirical law attributed to
Vogel18 and Fulcher,19 =0 exp−Ea /kBTf −T0, is usu-
ally used to estimate the activation energy Ea for a SG sys-
tem by analyzing the frequency dependence of ac suscepti-
bility, where T0 is the Vogel-Fulcher temperature and kB the
FIG. 1. Color online Temperature dependences of field-cooled  and
zero-field-cooled  dc susceptibility =M /H of U2CuSi3 in an applied
field of 100 Oe. The insets a and b show the temperature dependences of
specific heat and electrical resistivity, respectively, for the sample U2CuSi3
sample.
FIG. 2. Real a and imaginary b components of the ac susceptibility of
U2CuSi3 vs temperature at various frequencies.
FIG. 3. Frequency dependence of the dynamic spin freezing temperature Tf
of U2CuSi3, plotted as a ln1013 / vs Tf to estimate the static freezing
temperature Ts and critical exponent z
 and b Tf vs 100 / ln1013 / to
estimate the activation energy Ea. The solid line in a and b represents the
fit to the expression of critical slowing down and to the Vogel-Fulcher law,
respectively, as explained in the text.
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Boltzmann constant. Taking 0 /2=1013 Hz as usually used
for typical SG materials,17 a linear variation of Tf versus
1 / ln0 / is also obtained for our U2CuSi3 sample. The
best fit of this equation to the experimental data solid line in
Fig. 3b yields the values of fitting parameters T0=17.0 K
and Ea3.1kBTS.
The formation of SG state in U2CuSi3 is further con-
firmed by the characteristic remanence effect and the long-
time magnetic relaxation behavior. As illustrated in Fig. 4,
the magnetization MH measured at 4.2 K does not saturate
up to 230 kOe, reaching a value of 14.5 emu /g at 230 kOe.
When H is returned from 230 kOe hysteresis effect appears
at about 60 kOe, and a remanent magnetization of about
3.8 emu /g is detected at zero field. The insets a and b of
Fig. 4 illustrate the results of magnetic relaxation measure-
ments at 12 K Tf in field of H=0 and 100 Oe, respec-
tively. For the former, the sample was first cooled from
100 to 12 K in a field of 100 Oe, then the magnetic field was
switched off and the measurement started at t=0. For the
later, we cooled the sample firstly in zero field from
100 to 12 K, then a magnetic field of 100 Oe was applied
and the recording started immediately just as the field stabi-
lized t=0. In both cases, Mt decays slowly as a function
of time t. It is clear that after waiting for 1 h, Mt is still far
from stability for both cases. These long-time magnetic re-
laxation behaviors are also characteristic of spin glass state.
It should be emphasized that Kaczorowski and Noël4 and
Pechev et al.10 have reported the -ThSi2-type and
AlB2-type crystal structure for their U2CuSi3 sample with the
reentrant SG behavior and simple ferromagnetic properties,
respectively. In this work, our U2CuSi3 sample annealed at
800 °C for 10 days was confirmed to crystallize in the
-ThSi2-type structure in agreement with the result of Kac-
zorowski and Neël. However, only the SG behavior was ob-
served for this sample and no long-range ferromagnetic order
can be detected. It is well known that “randomness” and
“frustration” are the necessary conditions for SG state. To
understand the existence of frustrated magnetic interactions
in U2CuSi3, we considered that statistical arrangement of
nonmagnetic Cu and Si atoms on the anion position of
-ThSi2-type structure could destroy long-range magnetic
correlation between U atoms in U2CuSi3 and lead to the
formation of individual spins or finite-size granules with net
magnetic moments magnetic clusters. These clusters should
also randomly distribute in the sample and interact on each
other at low temperatures, causing the formation of frustrated
magnetic moments. Below a freezing temperature Tf, these
frustrated magnetic moments could be frozen-in along ran-
dom directions to form a SG state similar to what happen in
amorphous or diluted metallic SG materials.
In conclusion, systemic magnetic measurements have
been performed on a well-annealed U2CuSi3 sample, which
is confirmed to crystallize in the tetragonal -ThSi2-type
structure. For this sample, the most important observation in
this work is the evident peak in acT curve near Tf
18.9 K, which shifts to high temperature with increasing
. In particular, the Tf data can be fitted to the standard
expression of critical slowing down and Vogel-Fulcher law.
These features are considered as the important evidence for
the random spin freezing state in U2CuSi3. Moreover, our
specific heat, electrical resistivity, and magnetic relaxation
measurements give further proofs for the formation of spin
freezing state and suggest the absence of long-range ferro-
magnetic ordering in the U2CuSi3 sample. We conclude that
this U2CuSi3 sample might be classified as a nonmagnetic
atom-disorder spin glass.
1B. Chevalier, R. Pöttgen, B. Darriet, P. Gravereau, and J. Etourneau, J.
Alloys Compd. 233, 150 1996.
2D. X. Li, Y. Shiokawa, Y. Homma, A. Uesawa, A. Dönni, T. Suzuki, Y.
Haga, E. Yamamoto, T. Honma, and Y. Onuki, Phys. Rev. B 57, 7434
1998.
3D. X. Li, Y. Shiokawa, Y. Haga, E. Yamamoto, and Y. Onuki, J. Phys. Soc.
Jpn. 71, 418 2002.
4D. Kaczorowski and H. Noël, J. Phys.: Condens. Matter 5, 9185 1993.
5T. Yamamura, D. X. Li, K. Yubuta, and Y. Shiokawa, J. Alloys Compd.
408–412, 1324 2006.
6D. X. Li, A. Dönni, Y. Kimura, Y. Shiokawa, Y. Homma, Y. Haga, E.
Yamamoto, T. Honma, and Y. Onuki, J. Phys.: Condens. Matter 11, 8263
1999.
7D. X. Li, S. Nimori, Y. Shiokawa, Y. Haga, E. Yamamoto, and Y. Onuki,
Phys. Rev. B 68, 172405 2003.
8P. Pöttgen and D. Kaczorowski, J. Alloys Compd. 201, 157 1993.
9K. Yubuta, T. Yamamura, and Y. Shiokawa, J. Phys.: Condens. Matter 18,
6109 2006.
10S. Pechev, B. Chevalier, B. Darriet, and J. Etourneau, J. Alloys Compd.
282, 44 1999.
11J. A. Mydosh, Spin Glass: An Experimental Introduction Taylar & Fran-
cis, London, 1993.
12S. Süllow, G. J. Nieuwenhuys, A. A. Menovsky, J. A. Mydosh, S. A. M.
Mentink, T. E. Mason, and W. J. L. Buyers, Phys. Rev. Lett. 78, 354
1997.
13T. Nishioka, Y. Tabata, T. Taniguchi, and Y. Miyako, J. Phys. Soc. Jpn. 69,
1012 2000.
14D. X. Li, S. Nimori, Y. Shiokawa, A. Tobo, H. Onodera, Y. Haga, E.
Yamamoto, and Y. Ōnuki, Appl. Phys. Lett. 79, 4183 2001.
15D. X. Li, S. Nimori, Y. Shiokawa, Y. Haga, E. Yamamoto, and Y. Onuki,
Phys. Rev. B 68, 012413 2003.
16P. C. Hohenberg and B. I. Halperin, Rev. Mod. Phys. 49, 435 1977; K.
Gunnarsson, P. Svedlindh, P. Nordblad, L. Lundgren, H. Aruga, and A. Ito,
Phys. Rev. Lett. 61, 754 1988.
17J. L. Tholence, Solid State Commun. 35, 113 1980; J. J. Prejean, J. Phys.
Paris, Colloq. 39, C6-907 1978; J. Dho, W. S. Kim, and N. H. Hur,
Phys. Rev. Lett. 89, 027202 2002.
18H. Vogel, Phys. Z. 22, 645 1921.
19G. S. Fulcher, J. Am. Ceram. Soc. 8, 339 1925.
FIG. 4. High-field magnetization MH up to 230 kOe for U2CuSi3 mea-
sured at 4.2 K. The insets a and b display the time dependence of mag-
netization of U2CuSi3, plotted as Mt /M0 vs t, measured at 12 K in
magnetic field of 0 and 100 Oe, respectively.
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